Common bean (Phaseolus vulgaris L.) is the most important food legume grown worldwide. In Mexico, it is a strategic crop, occupying the second place in terms of cultivated area. Drought is the main problem for common bean production in Mexico. Some tepary (Phaseolus acutifolius A. Gray) and common bean genotypes can be a source for drought tolerance to improve commercial cultivars. The main objectives of this study were the evaluation of germination and seedling growth components in response to drought stress and the identification of sources of drought tolerance in both tepary and common bean. The experiment was conducted using various osmotic pressures (OP) induced by polyethylene glycol (PEG6000) (0, -0.15, -0.30 and -0.49 MPa) simulating an increase of drought stress in seven common bean and three tepary bean genotypes. The most drought-tolerant genotypes were two tepary beans: Tepary cafe which had a reduced root length of 21.4% and Tepary negro that decrease root length in a 29.7% compared to control at high osmotic pressure. Besides, two common beans: Rosa Bufa and Santa Fe (which decreased root length at high osmotic pressure in 46.0% and 34.2%, respectively) could be used as sources of favorable alleles to improve bean tolerance to drought. There are different strategies to tolerate drought, such as developing a long root, root fresh weight, and root dry weight.
Introduction
Most of the arable soil of the world is classified as semiarid land and lack of moisture is the principal limiting factor for increasing the world agricultural production [1] . Drought is the main problem to common bean production in Mexico [2] ; [3] . Drought can be most simply defined as a period of below normal precipitation that limits plant productivity in a natural or agricultural system [4] . It has been estimated that in Latin America, water stress reduces bean seed yield between 60% [5] and 73% [6] . In field trials in the United States, [5] found seed yield losses ranging from 24% in tolerant beans to 90% in susceptible beans. [3] found yield reductions from 9.5% in tolerant beans to 88% in susceptible beans in Mexico.
Common bean is the most important food legume grown worldwide [7] . It is cultivated in all five continents and, in spite of not being considered one of the four priority crops 25 
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Common Bean Based on Osmotic Potential Assays worldwide, it is one of the staples of the people in some regions of Africa, Latin America, and the Caribbean [8] . In Mexico, it is a strategic crop, occupying the second place in terms of cultivated area, with an average of 1,773,996 ha in 2014, with 1,273,957 MT produced, with a value of $528,333 USD [39] . In 2014, at least 63% of total bean production in Mexico is located in the states of Zacatecas with 596,944 ha, Durango with 268,485 ha, San Luis Potosi with 127,381 ha, and Chihuahua with 125,315 ha [39] . Drought stress can reduce biomass, number of seeds and pods, days to maturity, harvest index, seed yield, and seed weight in bean [7] . The stress component that defines drought is a decrease in the availability of soil water, which consequently reduces water potential ψ w [9] .
Tepary bean is a crop adapted to hot arid climates and is grown in a small area in the US Southwest and parts of Mexico during summer when temperatures are high and drought occurs [10] . As a member of the tertiary gene pool of common bean, tepary bean is a potential donor of drought tolerance to common bean through interespecific hybridization, although the cross is difficult and requires embryo rescue [11] . [12] found that stomata of tepary bean close completely at -8 and -10 bars of osmotic pressure, delaying dehydration of leaf tissue in tepary bean compared to common bean which do not close their stomata until water potentials between -13 and -18 bars. In addition, tepary bean had a deeply penetrating root system, which also contributes to its drought tolerance [12] ). Tepary bean postpones dehydration and suggest that sensitive stomata and a deeply penetrating root system are characteristics which, if incorporated into cultivated beans, might increase their drought tolerance or resistance [12] ; [13] ; [14] ; [15] .
The genetic resources of common bean and tepary bean available in Mexico are abundant but so far underused, mainly because of lack of phenotypic/genotypic characterization [16] . Tepary bean is a crop adapted to hot arid climates and is grown in the Southwest of United States and North of Mexico during summer when temperatures and drought are too high for common bean [10] . Likewise, bean genotypes domesticated in the semi-arid regions over millennia, mainly those belonging to race Durango from the Mexican highlands, would be expected to possess higher levels of drought tolerance [17] . Few studies have recently reported new tepary genotypes originating from the deserts and highlands of northern Mexico [18] . In this region, bean genotypes have been exposed to abiotic and biotic factors for thousands of years and therefore, some have developed resistance or tolerance to biotic and abiotic stresses. Previous evaluations of drought tolerance in beans have been carried out under field conditions, which are variable and unstable; such evaluations can be complemented with evaluations under controlled conditions in order to provide reliable data under precise drought pressures. Simulated drought stress with polyethylene glycol (PEG) has proven to be a reliable approach for screening drought tolerance in germplasm collections of maize (Zea mays L.) where water stress was induced by PEG and Quantitative Trait Loci (QTL) were identified for seedling traits at the first leaf stage; their collocation was compared with published yield-related traits found in drought-stress experiments [19] . PEG was also used with barley (Hordeum vulgare L.) where drought stress was imposed by placing the plants in PEG solution at -0.7 MPa, moderate drought for 8 h at 28°C and 40% relative humidity [20] ; water stress in maize, barley, and rice (Oryza sativa L.) was generated by additions of PEG 6000 to the root medium, and found that despite numerous inter-species similarities, biophysical changes associated with stress-induced leaf growth inhibition in maize and barley, differed from those in rice [21] . Evaluation of drought tolerance at early stages of development has been successfully used for screening collections of genotypes of maize [22] ; [23] . Therefore, the main objective of this work is to assess drought tolerance in a collection of tepary and common bean in order to identify potential sources of drought tolerance at early stages of development for improving common bean. These genotypes have been chosen to be the base breeding material available for tolerance to drought and for other 13 traits for bean improvement for northern Mexico. These 10 genotypes are currently being used in breeding programs.
Materials and Methods
Seven P. vulgaris and three P. acutifolius genotypes with diverse genetic backgrounds were used ( Table 1) . Four of these genotypes were selected based on their stable and consistent tolerance to drought in field trials: Rosa Bufa and Tepary cafe [3] ; Pinto Saltillo [18, 24] and Stampede [25] . The other six genotypes have outstanding agronomic performance and/or quality: Santa Fe [26] , Lariat [25] , Tepary amarillo, Tepary negro, Dorado [27] , and PS-AZH-15. PS-AZH-15 is a breeding line generated at INIFAP Cuauhtémoc Chihuahua from a cross between P. Saltillo and Azufrado Higuera, and it has been not released yet. This genotype is very interesting because: 1) it has larger seed size than P. Saltillo (46.3 g vs 30 g per 100 seeds [28] , 2) seed type belongs to Nueva Granada race, 3) it shows shorter cooking time (40 minutes vs 56 min for P. Saltillo and 158 min for Pinto Centauro for 100% of cooked [28] , this trait is very important due to that for cooking 1 kg of beans takes upwards of 7 kg of firewood, and gathering enough wood for a household takes about 11 hours per week [29] , and 4) PS-AZH-15 has the same color than P. Saltillo.
This study was conducted in a Lab where seeds were incubated in the dark at 27°C and 70% RH in a growth chamber, and it was carried out as a complete randomized design (CRD) in a factorial arrangement. Factorial combinations of 10 genotypes and 4 osmotic pressure levels were evaluated with three replications. The experimental plot was one petri dish with 10 or 5 seeds. 10 seeds of each genotype were used per repetition, according to seed availability. Osmotic pressure levels of 0, -0.15, -0.30 and -0.49 MPa were created using PEG6000 based on the equation supplied by [30] . Seed germination test was done in 13 cm Petri dishes with a layer of filter paper and 10 ml of a dilution containing 0, 100, 150, and 200 g of PEG6000 for reaching an osmotic pressure of 0, -0.15, -0.30 and -0.49, respectively. Seeds were considered germinated when the radicle was approximately 2 mm long or more. After seven days, seedlings root and shoot lengths were measured in centimeters and the same day were weighted the fresh root and shoot in a precision balance in grams. Root and shoot tissue was placed in a stove at 45°C for seven days and then dry weights (root and shoot) in g were recorded. All data were expressed as percent reduction respect to their own control in water with zero of OP.
An ANOVA was made using the GLM (General Linear Model) procedure (PROC GLM) of SAS [40] . The sources of variation were genotype, stress level, and genotype × stress level interaction. Genotypes, osmotic pressure and genotype × osmotic pressure interaction were considered fixed effects. Besides, an individual ANOVA by stress level was also carried out. We used the Fisher's protected LSD (Least Significant Difference) at p< 0.05 for mean comparisons. Principal Component Analyses was conducted with all traits using SAS software [40] . Previously, all data were standardized with mean=0 and standard deviation=1. The first component was used for ordering genotypes because explained most of the variability across the Osmotic Pressure levels (OP1=55.5%, OP2=67.5%, and OP3= 72.5% of the variability explained) and It was considered as a drought tolerance index. 
Results
Genotypes and osmotic pressure showed significant differences for all traits in the combined analysis. We found significant genotype × osmotic potential interaction for germination, root fresh weight, and root dry weight, but the unique cross interaction was for germination. There was not cross interaction between genotypes and levels of osmotic potential, except for germination. So, tolerant genotypes at low level of osmotic pressure are the same tolerant genotypes at high levels of stress (Table 2) . *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ***Significant at the 0.001 probability level. NS, not significant.
Individual analysis by osmotic pressure showed significant differences among genotypes for all traits, except for germination, and root length at -0.15, and shoot length at -0.30 MPa of OP (Table 3 ). All genotypes have an adequate germination at -0.49 MPa, except PS-AZH-15, and P. Saltillo. Germination decreased when osmotic pressure increased for susceptible genotypes although in some genotypes there are not significant differences. PS-AZH-15 germination decreased at -0.49 MPa 64.7% (P<.0001) compared to control, germination of T. amarillo decreased 21.4% (P=0.3689), and for P. Saltillo germination decreased 20% (P=0.0138). Germination was not significantly reduced respect to the control for tolerant genotypes: in T. cafe decreased 3.5% (P=0.6646), in T. negro 6.7 % (P=0.4009), in Santa Fe 0.0% (P=1.0), in Lariat 6.7 % (P=0.4009), in R. Bufa increased 7.1 (P=0.6524), in Stampede decreased 0.0% (P=1.0), and in Dorado increased 3.83% (P=0.3324) at -0.49 MPa (Figure 1 ).
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Common Bean Based on Osmotic Potential Assays *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ***Significant at the 0.001 probability level. NS, not significant. T. cafe showed the heaviest shoots (fresh and dry) for any osmotic pressure while the lowest shoot weight was showed for PS-AZH-15, and P. Saltillo (Figure 1) .
Figure 1. Effects of osmotic potential of ten bean evaluated in vitro under increasing osmotic potential generated by growing concentrations of PEG6000. The control is not shown because is the 100% for each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with the formula LSD= Distribution T (α-DF)*√EMS*2/n repetitions. EMS and DF were taken from the
The genotype T. cafe (P=0.5909), maintained root length across increasing osmotic pressure, and was the genotype with the highest root dry weight for all osmotic pressures. Conversely, P. Saltillo and PS-AZH-15 had the lowest values for root length, root fresh weight, and root dry weight ( Figure  1) .
The results of the multivariate analysis combining all osmotic pressures confirmed the results observed in the univariate analysis (Figure 1 and 3) . T. cafe is the most tolerant, followed by T. negro, Santa Fe and R. Bufa. T. cafe has a consistent and stable response as the stress level increases. On the other hand, there is an outstanding positive response of T. negro and R. Bufa when stress level increases. Santa Fe has a good response at low levels of osmotic potential, but a negative response at higher levels.
By osmotic pressure, the first PC1 explains 55.4% at -0.15 MPa, 67.5% at -0.30 MPa and 72.5% at -0.49 MPa. According to the first principal component (it was considered as index of tolerance), the most tolerant genotypes at -0.49 MPa were T. cafe, T. negro, Santa Fe, and R. Bufa; the first two belonging to P. acutifolius and the last two to P. vulgaris. Santa Fe has a good response at -0.15 MPa and after this decrease. T. negro has a good response until OP reaches -0.49 MPa. PS-AZH-15, and P. Saltillo were the most susceptible genotypes at all levels of osmotic potential (Figure 2 ).
Figure 2. Effects of osmotic potential of ten bean genotypes evaluated in vitro under increasing osmotic potential generated by growing concentrations of PEG6000. We can see if the genotypes respond positively or negatively as the OP level increases.
Principal component analysis shows that T. cafe stands out for its growth and development at three levels of OP (Figure 3 ). In the A rectangle, it can see T. cafe genotype at the top of the Y axis and to the right of all genotypes at the X axis, which means that it is the most resistant genotype at -15. The same happens in rectangle C and D for T. cafe. R. Bufa, Santa Fe and T. negro are also tolerant genotypes. 
Discussion
Previous reports of drought tolerance in tepary and common bean are based on adult plant evaluation in field trials, while this study attempts to predict drought tolerance based on simulated osmotic pressure at germination and seedling development. The PEG method has not been widely used in beans to detect tolerant genotypes to drought, but has been used in other crops [19] [20] [21] . This method has some advantages because root length or root dry weight cannot be accurately measured in field experiments.
Bean genotypes showed a wide variability for response to osmotic pressure at germination and at early stages of development. Increasing OP decreased root length at -0.49 MPa, respect to the control from 21.4 % in T. cafe to 81.4 in P. Saltillo, shoot length (64.2% in T. amarillo to 80.3% in P. Saltillo), root fresh weight (52.5% in T. café to 95.2% in PS-AZH-15), root dry weight (decrease 82.8% in PS-AZH-15 and increase 75.33 more in T. cafe respect to the control), shoot fresh weight (74.6% in T. cafe to 95.6% in PS-AZH-15), and shoot dry weight (33.6% in T. cafe to 83.2 in PS-AZH-15).
Increasing drought stress progressively decreased germination for susceptible genotypes (PS-AZH-15 and P. Saltillo), as previously reported by [32] , and germination was not significantly affected for tolerant genotypes (T. cafe, T. negro, Santa Fe, and R. Bufa). It is very interesting that tolerant genotypes in this study do not decreased the germination level under drought compared to control conditions.
On the other hand, [12] evaluated leaf area expansion, dry weight, and water relations of P. vulgaris L. and P. acutifolius, in the greenhouse. P. acutifolius had a deeply penetrating root system, which also contributes to its drought tolerance. His results indicate that P. acutifolius postpones dehydration and suggest that sensitive stomata and a deeply penetrating root system are characteristics that, if incorporated into cultivated beans, might increase their drought tolerance. Depth of root penetration has been suggested as an important adaptation of Tepary to drought resistance [33] . In this study, Tepary genotypes also showed the longest root at -0.49 but Santa Fe, R. Bufa and Lariat, from P. vulgaris, did not differ significant from Tepary genotypes for root length. Therefore, sources of long root under high osmotic potential level can be found within the P. vulgaris pool. In addition, T. cafe, T. negro, Santa Fe, and Lariat have great root length development under drought stress and even more at -0.49 MPa, which agrees with previously obtained results by [34] at adult plant level. Root dry weight was higher at all levels of OP for T. cafe, in agreement with the results obtained by [35] for Tepary beans, especially at -0.30 and -0.49 MPa, indicating that P. acutifolius was able to produce roots and shoots with higher dry weight than P. vulgaris.
Hormesis is a biphasic dose-response of a given chemical compound that is stimulatory at low doses and toxic at high doses [36] . Some genotypes such as T. amarillo and Santa Fe, had good response for shoot length at low levels of OP but poor response as stress increases. It would be interesting to study hormesis in these genotypes in future research.
Our results are in agreement with [3] who found that T. cafe was more stable for seed yield under severe drought than R. Bufa, but both were the most tolerant genotypes in the field trials. R. Bufa and T. cafe were more tolerant to drought than P. Saltillo and P. Villa, previously reported as moderately tolerant and tolerant, respectively [37] ; The new genotypes found in this study with good response to OP are T. negro and Santa Fe.
In this study, PS-AZH-15 and P. Saltillo were the most susceptible genotypes to OP, which disagree with [18] who found that all 10 genotypes studied were moderately tolerant to drought including P. Saltillo. [18] reported P. Saltillo as tolerant genotype to drought but they used genotypes with limited variability, all were P. vulgaris and from the crosses between P. Saltillo and P. Mestizo except Azufrado-2 and the Flor de Mayo. He used a good level of Drought Intensity Index (DII) (53.5-66.0) but reduced variability in the genotypes. In previous studies in field trials, P. Saltillo was also considered susceptible because the researchers used wide variability with good level of DII (0.27-0.74) and, therefore, P. Saltillo behaved as a susceptible genotype compared with T. cafe or R. Bufa in field trials [3] .
The results obtained for Stampede in this study are in disagreement with the results reported by [38] who found that this genotype was the most top yielding genotype and tolerant to drought from 277 entries in Nebraska (USA), while in our study the results indicated that in this group of genotypes, Stampede behaved as a susceptible genotype. [38] reported Stampede as tolerant genotype in field trials, but those experiments with drought stressed (DS) and non stressed (NS) were irrigated until flowering and irrigation was suspended in (DS) treatment after flowering. Stampede respond to drought after the flowering. With the PEG method we evaluated only at germination and early plant development, and Stampede was identified as a susceptible genotype because we are testing only at seedling stages. In Mexico more than 90% of bean production is under rainfed conditions and the farmers do not have access to supplemental irrigation.
R. Bufa and Santa Fe could be used for transferring drought tolerance genes to commercial genotypes in short term because these genotypes are P. vulgaris. These tolerant donors could be used also for generating mapping populations for genetic studies in crosses with PS-AZH-15 or P. Saltillo. T. cafe and T. negro (P. acutifolius genotypes) could be used to develop mapping population with PS-AZH-15 or P. Saltillo (P. vulgaris genotypes) because they were the most contrasting genotypes for drought tolerance traits of P. vulgaris in this study. T. cafe and R. Bufa were previously described as having a good response to drought in the field, something which was validated with our experiment [3] .
Therefore, tepary bean genotypes, but especially T. cafe and T. negro are a very interesting source of resistance to drought that should be introduced in common bean via interspecific crosses. Simulating drought conditions with polyethylene glycol could be a reliable method for the detection of drought tolerant genotypes of beans and could be used for phenotyping RIL populations or other mapping populations because is in agreement with field trials as our results distinguish the most tolerant genotypes to drought (T. cafe and R. Bufa) from the more susceptible one (P. Saltillo) [3] . The results of this study with PEG method might explain why T. cafe y R. Bufa have good seed yield in field trials. The good response of T. cafe y R. Bufa is probably due to its root length, and according with [12] who evaluated leaf area expansion, and dry weight of Phaseolus vulgaris L. and P. acutifolius, in the greenhouse. P. acutifolius had a deeply penetrating root system, which may also contribute to its drought tolerance.
Conclusion
The most tolerant genotypes to OP were T. cafe and T. negro, followed by R. Bufa, and Santa Fe. They are a potential source of favorable alleles for drought tolerance and they should be useful for bean improvement. In this study, PS-AZH-15, and P. Saltillo were the most susceptible genotypes to OP. There are different strategies to tolerate drought, such as developing a long root, root fresh weight, and root dry weight.
In germination, there are interactions between genotypes and OP, but the germination is not significantly affected by the osmotic potential. For the other six traits mentioned there is little or no interaction between genotypes and OP, and therefore we can use these traits, highlighting root length and root dry weight, at any level of OP to indirectly select tolerant genotypes to drought. In addition, root traits are more difficult to evaluate in field trials.
Future research should focus on mapping the regions responsible of drought tolerance using the PEG method and field validation for phenotyping this 10 genotypes, RIL, and MAGIC populations.
